The optical selection rules for inter-band transitions in WSe2, WS2 and MoSe2 transition metal dichalcogenide monolayers are investigated by polarization-resolved photoluminescence experiments with a signal collection from the sample edge. These measurements reveal a strong polarizationdependence of the emission lines. We see clear signatures of the emitted light with the electric field oriented perpendicular to the monolayer plane, corresponding to an inter-band optical transition forbidden at normal incidence used in standard optical spectroscopy measurements. The experimental results are in agreement with the optical selection rules deduced from group theory analysis, highlighting the key role played by the different symmetries of the conduction and valence bands split by the spin-orbit interaction. These studies yield a direct determination on the bright-dark exciton splitting, for which we measure 40 ±1 meV and 55 ±2 meV for WSe2 and WS2 monolayer, respectively.
The optical selection rules for inter-band transitions in WSe2, WS2 and MoSe2 transition metal dichalcogenide monolayers are investigated by polarization-resolved photoluminescence experiments with a signal collection from the sample edge. These measurements reveal a strong polarizationdependence of the emission lines. We see clear signatures of the emitted light with the electric field oriented perpendicular to the monolayer plane, corresponding to an inter-band optical transition forbidden at normal incidence used in standard optical spectroscopy measurements. The experimental results are in agreement with the optical selection rules deduced from group theory analysis, highlighting the key role played by the different symmetries of the conduction and valence bands split by the spin-orbit interaction. These studies yield a direct determination on the bright-dark exciton splitting, for which we measure 40 ±1 meV and 55 ±2 meV for WSe2 and WS2 monolayer, respectively.
Two-dimensional crystals of transition metal dichalcogenides such as MX 2 (M=Mo, W; X=S, Se, Te) are promising atomically flat semiconductors for applications in electronics and optoelectronics [1] [2] [3] [4] [5] . The optical properties of transition metal dichalcogenides (TMD) monolayers (MLs) are governed by very robust excitons with binding energy of the order of 500 meV [6] [7] [8] [9] [10] [11] [12] . The interplay between inversion symmetry breaking and strong spin-orbit coupling in these MLs also yields unique spin/valley properties [13] [14] [15] [16] [17] [18] [19] . Due to the twodimensional (2D) character of the layered materials, the band-to-band transitions are predicted to be anisotropic for light propagating parallel to the plane of the ML. The insights gained from these type of experiments in III-V semiconductor quantum wells [20, 21] were crucial for designing optoelectronic devices. For 2D materials based on TMDs the light polarized perpendicular to the ML (z direction) should involve transitions with energies different from the transitions observed for in-plane polarized light [6, 22] . So far, however, optical spectroscopy measurements in TMD MLs have only been made for normal incidence for which the z polarization is not accessible. Indeed the natural geometry in optical spectroscopy consists in exciting and collecting light from the top of the sample, with light wave-vectors perpendicular to the ML plane. In addition to the measurement of the predicted anisotropy of the interaction of light, optical experiments performed for light propagating parallel to the ML should bring precious information on the detailed band structure of these 2D materials. In particular, it allows for a straightforward determination of the energy difference between bright and dark excitons, for which a direct measurement is still lacking [24] [25] [26] [27] .
In this Letter we present the first measurements of the luminescence properties of TMD MLs for light propagating along the plane of the layer. In this geometry the electric field of the optical radiation can be either parallel or perpendicular to the ML. We measure the polarization-dependent emission properties of different TMD MLs for this in-plane optical excitation and detection geometry. For WSe 2 and WS 2 MLs, a new luminescence line emerges for the polarization perpendicular to the 2D material plane, corresponding to a z-dipole transition. This transition is forbidden at normal incidence in linear optical spectroscopy because the electromagnetic field is transverse. Our measurements yield a direct determination of the bright-dark exciton splitting, in agreement with the selection rules deduced from group theory. We find 40 and 55 meV in WSe 2 and WS 2 MLs, respectively. For MoSe 2 ML, no signature of the "dark" state is evidenced as a consequence of the very low population of the dark exciton states which lie at higher energy compared to the bright ones [4, 6, 28, 30] .
We have investigated MX 2 MLs encapsulated in hexagonal boron nitride (hBN) and transferred onto an SiO 2 (90 nm)/Si substrate, see schematics in Fig. 1(a,b) . The design of these samples is critical to the success of the experiment. It was shown recently that encapsulation of MX 2 ML in high quality hBN results in very high quality samples where surface protection and substrate flatness yield very small photoluminescence (PL) or reflectivity linewidths, in the range 2 − 5 meV at low temperature [31] [32] [33] [34] . In the present investigation the narrow exciton lines will allow us to identify clearly transitions involving different bands for different polarizations of the light propagating in the ML plane. These van der Waals heterostructures are obtained by mechanical exfoliation of bulk MX 2 (from 2D Semiconductors, USA) and hBN crystals [35] , following the fabrication technique detailed in Ref. [33] . The typical thickness of the hBN layers is ∼ 10 nm and the in-plane size of the MX 2 ML is ∼ 10 × 10 µm 2 . The samples are held on a cold finger in a closed-cycle cryostat. Two configurations for the microscope objective inside the cryostat are used for the excitation and collection of PL along or perpendicular to the ML plane, Fig. 1(a,b) . Attocube X-Y-Z piezo-motors allow for positioning with nm resolution of the ML with respect to the microscope objective (numerical aperture NA= 0.82) used for excitation and collection of luminescence. The ML is excited by a continuous wave green laser (2.33 eV). For WSe 2 and MoSe 2 MLs similar results have been obtained with He-Ne laser excitation (1.96 eV). The laser average power is about 50 µW. The excitation laser and detection spot diameter is ∼ 1µm. The PL signal is dispersed in a spectrometer and detected with a Si-CCD camera [36] . For the measurements from the edge of the sample, the ratio between the focused laser spot diameter and the thickness of the ML is smaller than 1000. Though challenging from the point of view of the required alignment accuracy this experiment can be successful as shown below thanks to (i) the very large absorption coefficient of the TMD ML for in-plane polarized light [37] , (ii) the longer interaction length between the light and 2D material compared to normal incidence excitation configuration and (iii) the detection efficiency of our set-up, designed for studies of single photon emitters [38] .
Figure 1(c) presents the PL spectrum at T = 13 K of the WSe 2 ML in the standard configuration, i.e. propagation of light perpendicular to the ML. We observe clearly the peaks corresponding to the recombination of neutral exciton X 0 (1.722 eV), trion -charged exciton -T (1.690 eV) and lower energy lines (1.65 − 1.68 eV) usually attributed to localized excitons, in agreement with already published results [25, 26, 39] . For this geometry where the light is polarized in the ML plane, the detected neutral exciton luminescence X 0 corresponds to the radiative recombination involving both Γ 11 conduction band (CB) and Γ 7 valence band (VB) in the valley K + and Γ 12 conduction band and Γ 8 valence band in the valley K − , see the green arrows in Fig. 1 (e). Both transitions conserve the spin. In contrast the transitions in the K + -valley between the Γ 9 CB and Γ 7 VB with opposite spins (Γ 10 CB and Γ 8 VB in the K − -valley) are optically forbidden for the in-plane polarized light. The energy difference between the corresponding dark exciton and the bright X 0 depends both on the spin-orbit splitting in the conduction band ∆ CB SO and the short range part of the electron-hole exchange interaction, where ∆ CB SO is the energy difference between Γ 9 (Γ 10 ) CB and Γ 11 (Γ 12 ) in valley K + (K − ). The calculations predict values ∆ Bright−Dark of a few tens of meV for WSe 2 ML [6, 40] .
We present now the key results associated to the measurements from the edge of the sample, enabling the excitation and collection of the PL signal emitted with a wave-vector parallel to the ML, as schematically depicted in Fig. 1(b) . The great advantage of this geometry is that it is suitable for measuring the interaction of the 2D material with light for both polarization directions, parallel to the plane of the ML -x-polarized -as in Fig. 1(c) or perpendicular to it -z-polarized. The optical selection rules, which depend intimately on the band structure of the ML and the exciton symmetry, can thus be revealed. In Fig. 1(d) the PL spectra of the WSe 2 ML for both in-plane (x) and perpendicular (z) to the plane polarization are displayed. As expected the in-plane polarized PL spectrum (green line) is very similar to the normal incidence excitation/detection geometry shown in Fig. 1(c) . As the polarization of the detected luminescence is identical, the same optical selection rules apply and we observe the three lines associated to neutral (X 0 ), charged (T) and localized excitons. The detection energies of the lines are identical for both geometries but we note a larger broadening for excitation/detection from the sample edge resulting probably from the longer interaction length in the 2D material. Remarkably a new line labelled X D shows up in addition to the previous ones when the luminescence polarized perpendicular to the ML is detected, red line in Fig. 1(d) . In agreement with the selection rules detailed below, this peak corresponds to the radiative recombination of excitons involving the transitions between the bottom Γ 9 (Γ 10 ) CB and topmost Γ 7 (Γ 8 ) VB in the valley K + (K − ). We recall that these transitions are optically forbidden ("dark excitons") for in-plane polarized light, in agreement with the x-polarized spectrum in Fig. 1(d) . As a consequence the energy difference between X 0 and X D in Fig. 1(d) is a direct measurement of the bright-dark exciton splitting. We find ∆ Bright−Dark = 40±1 meV in WSe 2 . Figure 2 (a) presents the result of the same experiment performed on WS 2 ML at T = 13 K. Again when the luminescence polarized perpendicular to the ML is detected, a new line (X D ) shows up and we measure a bright-dark exciton splitting energy of 55 ±2 meV. These accurate measurements will be a key element to improve the parametrization of ab-initio calculations of the band structure [6] .
Finally we perform the same investigation for a MoSe 2 ML both at T = 13 K and 300 K. No spectral signature of the X D line is observed in MoSe 2 ML in Fig. 2 (b) at low temperature and in Fig. S4 of the supplement [41] at higher temperature. This behavior is compatible with our current understanding of the MoSe 2 ML band structure. Though the exact value of ∆ Bright−Dark is still unknown, both theoretical and experimental investigations predict that the dark exciton lie at higher energy compared to the bright one (in contrast to WSe 2 and WS 2 ML) [24] [25] [26] [27] . The main reason is the change of sign of the spin-orbit splitting in the conduction band between these different materials [28] . Very recent investigations based on the coupling of the excitons to transverse high magnetic fields (tens of teslas) [42, 43] , or surface plasmon polaritons [44] inferred similar bright-dark exciton splitting energies. We emphasize that our measurements are based on the intrinsic properties of the MLs and do not require any external perturbation in addition to the light. For the sake of completeness we have also investigated the dependence of the PL spectra detected from the edge of the sample as a function of the polarization of the excitation laser propagating along the ML plane. In the previous experiments, Figs. 1, 2, the laser was polarized in the ML plane along x-axis. As expected, the PL intensity for the z-polarized excitation laser is reduced (see Fig. S2 in [41] ). However the relative oscillator strength of the x-polarized and z-polarized transition at a given energy can not be deduced from these measurements because of the non-resonant energy of the excitation laser where the selection rules are difficult to determine.
The conclusions drawn from the experimental results are confirmed by the group theory analysis of the selection rules. Let us recall that the orbital Bloch functions of the valence band in K + and K − transform according to the same scalar representation Γ 1 (notations of Ref. [1] ) of C 3h point group relevant at the K ± points. The conduction band orbital Bloch functions transform according to Γ 2 and Γ 3 respectively. As a result, the spinor representations for the valence band are Γ 7 (↑) and Γ 8 (↓), while for the conduction band, Fig. 1(e) , they are
Interband optical excitation gives rise to the electron-hole pairs bound into excitons by the Coulomb interaction. The excitonic states with 1s envelope function detected in our experiments transform according to the representations Γ X = Γ c × Γ * v , where Γ c is the representation of the conduction band state and Γ v is the representation of the empty valence band state. Note that the hole state is the time-reversed of the unoccupied valence band state therefore the conjugation of Γ v is needed [46] . The exciton state is optically active in a given polarization if Γ X contains the irreducible representation according to which the corresponding polarization vector e transforms. As a consequence for the optically active excitons Γ X must contain Γ 2 + Γ 3 , i.e., the in-plane polarization, or Γ 4 , z-polarization. Hereafter we consider only vertical optical transitions and obtain for possible symmetries of the exciton
The basic functions of Γ 2 and Γ 3 irreducible representations transform as x±iy, respectively. Hence, Eq. (2a) describes the excitons active in the σ + and σ − polarizations at the normal incidence of radiation, see green arrows in Fig. 1(e,f) . Here the electron spin in the course of the interband transition is conserved and the polarization of the PL is determined by the orbital character of the Bloch functions. By contrast, the transitions involving opposite spins for the conduction and valence band states are forbidden at the normal incidence because they couple with the light of z-polarization, i.e., normal to the ML plane. These transitions are depicted by red arrows in Fig. 1(f) . This is in agreement with the measurement of the additional line X D which is z-polarized in Figs. 1(d) and 2(a) for WSe 2 and WS 2 ML respectively.
A deeper insight into the symmetry of excitonic states can be obtained by considering the irreducible representations of the D 3h point group relevant for the overall symmetry of the ML. Such an analysis allows one to study the mixing of excitons in different valleys. The results in the supplement [41] demonstrate that out of two z-polarized states, Γ X1 = Γ 10 × Γ * 8 and Γ X2 = Γ 9 × Γ * 7 one linear combination with equal weights is active in the z-polarization and can be attributed to the X D line, while another one is forbidden.
As these transitions require spin-orbit interaction to induce spin mixing, their oscillator strengths are expected to be much weaker than the one for in-plane polarized light. It can be qualitatively described by taking into account the interaction of the upper valence bands Γ 8 and Γ 7 with remote bands with different orbital character and opposite spin orientations, see supplement [41] . Recent density functional theory calculations performed at the GW level combined with Bethe-Salpeter equation for excitons predict that the out-of plane contribution is ∼ 10 3 times smaller than the in-plane one [6] . Though our experiments clearly evidence both transitions, the measured PL intensities cannot be used for the accurate determination of the relative ratio of the oscillator strengths since the non-resonant excitation results in an unknown populations of the exciton states X 0 and X D . Particularly, the assumption of a thermodynamical equilibrium between the X 0 and X D is questionable considering the very short radiative lifetime of X 0 [47] [48] [49] . Further investigations based, e.g., on absorption or photocurrent measurements performed with strictly resonant excitation are required.
Finally we note in Fig. 1(c) a PL line at the energy X D (1.68 eV) for normal incidence excitation/detection where the optical selection rules dictate that this transition should be optically forbidden. The observation of this line is, actually, not surprising: First it can have a purely geometric origin. As we use a microscope objective with high NA, the electric field vector at the focal tail has a significant component along the z-axis which enables excitation/detection of the X D transition even at the normal incidence. The percentage of the z-mode to the total intensity was estimated to be ∼ 9% in a similar study performed in GaAs quantum wells [50] . Second, a lowering of the symmetry of the 2D crystal due to local strain or ripples can induce a small mixing between bright and dark excitons, yielding the observation of the X D component even for normal incidence [51] . The same arguments can explain the observation of both X 0 and T lines for the out-of-plane polarization in Figs. 1(d), 2 , where the luminescence is collected from the edge of the ML. To elucidate the origin we note that by detecting only the central part of the PL spot for normal incidence excitation/detection, the X D line totally vanishes confirming that the z-component is located off-axis only, see Fig. S5 of supplement [41] . This demonstrates that the X D line observed in Fig. 1(c) is simply linked to the geometry of the experiment based on a microscope objective with a large numerical aperture.
In conclusion the first measurements of the optical properties of transition metal dichalcogenide MLs for light propagating along the plane are reported and discussed in terms of optically allowed and forbidden transitions depending on the light polarization and propagation direction. These experiments reveal important features of the band structure of these atomically-thin semiconductors. In addition to their importance for the knowledge of the band structure and excitonic properties in TMDC MLs, these experiments pave the way to the investigation of waveguides heterostructures and devices based on 2D materials.
Acknowledgements The analysis presented in the main text is based on the representations of the C 3h point symmetry group relevant for the single valley of the TMD ML. It is instructive to analyse the symmetry of the excitonic states in terms of irreducible representations of the D 3h point symmetry group relevant for the TMD ML as a whole. Making use of Ref. [1] we establish the following compatibility of the irreducible representations of these two point groups
Note that the different irreducible representations relevant for the Kramers-degenerate states from the valleys K + and K − join in the D 3h point symmetry group. Note that these representations are self-conjugate. The excitons formed in the course of optical transitions involving topmost valence band and the top conduction subband, e.g., vertical spin-conserving transitions, Fig. 1(e,f) of the main text and Fig. S1 , transform according to the reducible representation
The in-plane components of the vector (x, y) transform according to the irreducible representation Γ D 3h 6 resulting in the optical activity of the excitons denoted by green arrows in Fig. 1(e,f) of the main text. Two remaining optical transitions where the electron from the top conduction subband recombines with the unoccupied state in the other valley are forbidden.
Let us now consider the excitons formed in the course of optical transitions involving the bottom conduction subband, e.g, vertical transitions with antiparallel conduction and valence band states, Fig. 1(f) of the main text and Fig. S1 . We have
The z-component of a vector transforms according to the Γ ) phonon or due to the localization of the exciton on axially-symmetric defect potential [2] . We are interested in two remaining states transforming according to the irreducible representations Γ ) is allowed in z-polarization as depicted in Fig. 1(f) of the main text by red arrows.
B. Spin-orbit mixing of bands
The origin of the interband transitions without electron spin conservation is the spin-orbit interaction induced band mixing [3, 4] . To illustrate the effect we consider the mixing of the topmost valence band v and the remote valence band v (vb − 1 in the notations of Ref. [4] ) whose orbital Bloch functions transform at the K ± points as
Here and in what follows we use the irreducible representations of C 3h point group and omit the superscript denoting the group. The orbital Bloch functions U ± v are odd at the horizontal reflection unlike the even Bloch states of cb + 2 and vb − 3 involved in the exciton mixing [5] , while at the operations which do not involve z → −z these functions transform like the conduction band Bloch functions. With account for spin the remote v valence band gives rise to the following spin subbands: 
In the first order perturbation theory one has
where ∆ v,v−1 is the spin-orbit mixing matrix elements and E i are the corresponding band edges. Due to the admixture, Eqs. (8), (9) , the transition in z polarization becomes possible between the valence and conduction band states with opposite spin orientations, see red dashed arrow in Fig. S1 : This is because the transition between the admixed U ± v state and the conduction band state is possible in z polarization and the spins of the admixed state and the conduction band state are parallel. The ratio of the oscillator strengths (radiative dampings) of the "dark" exciton in the z polarization and of the "bright" exciton in the in-plane x polarization can be estimated as
where d ⊥ is the interband (v → c) electric dipole matrix element in the z polarization and d is the interband (v → c) electric dipole moment matrix element in the in-plane polarization and we neglected the difference of effective masses in the different spin subbands which may affect the exciton envelope functions. Assuming |d ⊥ | 2 /|d | 2 ∼ 1 and putting E v − E v−1 ∼ 1 eV we obtain, for ∆ v,v−1 in the range of 10 . . . 100 meV, the damping ratio in the range of γ = 10 −4 . . . 10 −2 . The density functional theory calculations gives γ ∼ 10 −3 in reasonable agreement with the crude estimate above [6] . We note that additive contribution to the mixing and the optical transitions is provided by the spin-orbit coupling with remote conduction band states. The parameters of these remote bands are not well established therefore the estimate Eq. (10) can serve as a criterion to improve the parameterizations of the effective Hamiltonian models.
C. Additional experimental data Figure S2 displays the photoluminescence spectra of WSe 2 in different plarization configurations together with a polar plot of intensity of X D transition for fixed excitation and varied detection polarization. Figure S4 shows the photoluminescence spectrum of the MoSe 2 monolayer at different temperatures. 56 1.58 1.60 1.62 1.64 1.66 1.68 
D. Spatial analysis of the PL
In Fig 1c of the main text, we showed that the X D transition at 1.68 eV is visible even for excitation and detection from the surface of the WS 2 ML. This may be surprising at the first sight because the light propagation vector is along the z-axis in this configuration so that the X D transition (which is z-polarized) should not be visible. We show here that this is due to our large numerical aperture microscope objective. Fig. S5(a) sketches the detection configuration: Because of the large numerical aperture, light with an in-plane wave-vector component can be detected on the edge of the objective aperture. To confirm this situation we selectively filter the emitted light in angle by imaging the Fourier plan of the microscope objective [lenses L1 and L2 of Fig. S5(b) ] and by placing a pinhole on this image. Translating the pinhole selects the angle of detection. Figure S5 (c) shows the PL spectrum when the pinhole is opened, the configuration is thus the same as in Fig. 1(c) of the main text where both X 0 and X D transitions are visible. When the pinhole is centered and almost closed, Fig. S5(d) , only light with out-of-plane wavevector is detected. Consequently the X D transition is absent. In Fig. S5(e) , we plot the intensities of both X 0 and X D transitions as a function of the emitted angle θ. It clearly show that X D transition is only visible for large θ whereas the X 0 is maximum for θ = 0. 
